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Linkages Among Submersed Aquatic Vegetation, Nutrients, River Discharge, and Weather in the 

Tidal Potomac River and Estuary 

 

Virginia Carter, Jurate M. Landwehr, Nancy B. Rybicki, Justin T. Reel, and Henry A. Ruhl 

 

ABSTRACT 

 

As part of a research effort coordinated by the Interstate Commission on the Potomac 

River Basin, the United States Geological Survey (USGS) utilized existing 1983-96 data from 

the tidal Potomac River and Estuary to investigate linkages among primary producers, water 

quality, weather, and river discharge.  The research focused on three major objectives: (1) 

evaluate the Chesapeake Bay Program submersed aquatic vegetation (SAV) restoration criteria; 

(2) develop a model for SAV success as related to Secchi depth; and (3) determine to what extent 

variation in SAV coverage can be explained in terms of variation in selected physical, chemical, 

and biological growing season variables.  SAV coverage in the tidal Potomac River and Estuary 

was dynamic during the period of study, primarily driven by light, but in a complex manner, 

influenced by many feedback loops.  The restoration criteria were neither necessary nor 

sufficient predictors of coverage by SAV in all salinity-based segments.  Whereas the criteria 

appeared to correlate with SAV coverage in the tidal fresh segment, they did not capture the 

dynamics of the oligohaline or mesohaline segments.  The appropriate Secchi depth threshold for 

SAV success was 0.7 m in the fresh tidal segment and 0.75 m in the oligohaline segment.  No 

such threshold was observed for the mesohaline estuary. 

The major factors affecting SAV coverage and their importance differed by salinity-

based segment; river discharge affected both water quality and light availability.  Multiple 
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regressions demonstrated the importance of Secchi depth and the previous year’s SAV coverage 

in the fresh and oligohaline segments.  Correlation analysis showed that the lower tidal river and 

the upper tidal river differed markedly in the relationships among variables.  Discharge was an 

important factor in determining relationships; correlated variables differed in low flow and high 

flow years and according to season.  Discharge and phytoplankton abundance had a direct effect 

on nitrogen concentrations.  The correlation analysis for the oligohaline segment demonstrated a 

strong connection between total suspended solids (TSS) and Secchi depth and between total 

phosphorus and chlorophyll-a.  Analysis of the mesohaline estuary segment suggested a nutrient-

limited reach dominated by the effects of river discharge with a significant impact of total 

suspended solids on SAV.  As discharge increased, nitrogen concentrations also increased, 

favorably affecting SAV growth, although light availability was adversely affected by higher 

discharge.  In general, light was not limiting in the mesohaline estuary, so the presence of 

adequate numbers of propagules and the availability of nutrients may be the keys to revegetation 

in this reach.  

 

INTRODUCTION 

 

The ecosystem of the Chesapeake Bay, the Nation’s largest estuary, has been adversely 

affected by population growth during the past decades.  High sediment loads and phytoplankton 

blooms stimulated by high levels of nutrients have contributed to a decline in submersed aquatic 

vegetation (SAV) (Orth and Moore 1984; Stevenson et al. 1993; Kemp et al 1983; Staver 1984).  

Concern over the loss of SAV, which is part of the base of the food chain and provides critical 

habitat for finfish, shellfish, and waterfowl, has led to increased cooperation among government 
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and university scientists and led to the publication of Environmental Protection Agency (EPA) 

guidelines for restoration of SAV habitat (Batiuk et al. 1992; Batiuk et al. 2000). 

The Potomac Integrated Analysis was a cooperative effort organized and coordinated by 

the Interstate Commission on the Potomac River Basin (ICPRB) to utilize existing data from the 

tidal Potomac River and Estuary for investigating linkages among primary producers, 

consumers, water-quality, weather, and discharge.  The United States Geological Survey (USGS) 

research contribution focused on SAV linkages because USGS had monitored the status of SAV 

in the tidal Potomac River and Estuary for over two decades, documenting the absence of SAV 

from the freshwater tidal river in the late 1970’s and early 1980’s (Haramis and Carter 1983; 

Carter et al. 1985) and the resurgence of SAV in the tidal river in 1983 (Carter and Rybicki 

1986).  

Light has been identified as the primary factor affecting the distribution and abundance of 

SAV in the Chesapeake Bay and its tributaries (Batiuk et al. 1992, 2000; Carter et al. 1994; 

Carter and Rybicki 1990).  Light availability for SAV photosynthesis and growth is affected by 

water-column components such as total suspended sediment (TSS) and chlorophyll-a (CHLA) 

(Carter and Rybicki 1990; Gallegos 1994).  Mesohaline segment-based studies have identified 

temperature and light as principal physical factors governing SAV photosynthesis and growth 

and stressed the role of epiphytes which reduce the light available to SAV (Kemp et al. 1983; 

Wetzel and Penhale 1983; Twilley et al. 1985; Wetzel and Neckles 1986).  Other factors such as 

excessive nutrients, weather, and propagule availability are also important (Wetzel and Penhale 

1983; Carter et al. 1994; Rybicki and Carter 1995; Landwehr et al. 1997; Rybicki et al. 2001).  

Excessive nutrients have been implicated in the decline of seagrass (Short and Burdick 1996; 

Phillips et al. 1978; Batiuk et al. 1992), primarily through their role in stimulating growth of 

phytoplankton and epiphytes that compete with SAV for available light. 
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The conceptual model we have developed for the interactions between physical, 

chemical, and biological factors and SAV (Fig. 1) depicts the relevant growing season linkages, 

as discussed in the sections below.  Components are distinguished as either external or internal, 

depending on whether they are affected by conditions within the river segment during the current 

growing season.  External variables include watershed characteristics, available sunshine, 

precipitation, wind speed, and discharge; discharge is a function of watershed characteristics and 

precipitation.  Propagule availability is also an external variable, but in a different way.  It may 

encompass both the presence of SAV-regenerating materials (seeds, tubers, root masses) stored 

in the river segment during the previous growing season, and the introduction of plant material 

during the same growing season either through river conveyance or agents such as birds or 

humans.  However, we consider only SAV coverage in the previous season as the source of 

propagules in this analysis.  Internal variables include the annual coverage by submersed aquatic 

vegetation in a river segment as well as seasonal values of light in the water column, water 

temperature, TSS, nutrients, phytoplankton, and epiphytes on the SAV.   

Light available for SAV photosynthesis and growth during a growing season is a function 

of the amount of sunshine available at the water surface and light attenuation through the water 

column.  TSS, the sum of particulate inorganic and organic material, including phytoplankton, 

cause the water to be turbid and diminish the light reaching the plants.  Both wind speed and 

river discharge affect the concentrations of TSS, as do many watershed conditions such as land 

cover.  In addition to impairing light conditions, solids in the water column can affect SAV 

directly through burial or scour.  The CHLA of the phytoplankton absorbs light needed for plant 

growth, so phytoplankton are both stimulated by light and directly reduce light available for 

SAV.  Phytoplankton abundance in the tidal Potomac River and Estuary is closely related to 

discharge, temperature, and available light (Bennett et al. 1986), thus increasing the complexity 

 



Carter et al. 
5 

of the relationship between CHLA and SAV.  Nutrient and TSS concentrations in the tidal river 

depended upon discharge in a complex scenario involving point sources such as the Blue Plains 

Wastewater Treatment Plant, nonpoint sources in the Potomac basin, and other local inputs 

below the fall line, especially during periods of extreme discharge conditions.  The oligohaline 

segment (POTOH) lies in the transition zone of the Potomac Estuary which contains the turbidity 

maximum when present (Festa and Hansen 1978) and is thus affected by the tidal river and by 

the mesohaline estuary.  It is also the location where freshwater phytoplankton are advected into 

low salinity estuarine waters where osmotic stress limits their survival (Filardo and Dunstan 

1985).   

 Nutrients, light, and water temperature promote growth of both phytoplankton and 

epiphytes as well as SAV.  Nutrients are introduced into the river system by various processes in 

response to watershed characteristics, from either point or nonpoint sources.  Epiphytic 

accumulations on the leaves and stems of SAV consist of algae, bacteria, other living material, 

and inorganic sediment, and further reduce the amount of light available for SAV photosynthesis 

(Sand-Jensen 1977; Madden and Kemp 1996; Batiuk et al. 2000).  SAV takes nutrients primarily 

from sediment, but is responsive to water column nutrients (Nichols and Keeney 1976a, 1976b).  

SAV will grow faster at higher water temperatures, but higher temperatures increase the growth 

of phytoplankton with a negative effect on light availability; very high temperatures may hasten 

the onset of SAV senescence.  Water temperature is affected primarily by available sunshine, but 

also by discharge and wind speed.   

The primary goal of this research was to investigate linkages among the many variables 

indicated in the model discussed above, and therefore, we undertook a variety of analyses.  These 

included: (1) development and use of a scoring system to determine relevance of Chesapeake 

Bay restoration criteria to changes in SAV distribution; (2) first difference analysis of annual 
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SAV growth as related to light availability; (3) product moment correlation of SAV coverage 

with water-quality variables, weather, and discharge; and  (4) multivariate regression analysis of 

SAV coverage in relation to water quality, weather, discharge, and availability of propagating 

material.  In this work, we did not include variables explicitly representing either watershed 

characteristics or epiphytes, so these relationships are shown with dashed lines in Fig. 1. 

 

DATA AND METHODS OF ANALYSIS 

 

Figure 2 shows the tidal Potomac River and Estuary from Washington, DC, to Point 

Lookout, Maryland.  Before 1997, the Chesapeake Bay Program subdivided the tidal Potomac 

River and Estuary into three salinity-based segments, freshwater (TF2), oligohaline to 

mesohaline (RET2), and mesohaline (LE2), for the purpose of analyzing data and comparing 

tributaries baywide.  In 1997, the Chesapeake Bay Program revised the boundaries of the 

segments to better reflect long-term average salinity and renamed the segments POTTF for the 

tidal fresh, POTOH for the oligohaline, and POTMH for the mesohaline.  The tidal fresh POTTF 

was created from the old TF2 by removing Piscataway and Mattawoman Creeks, but we have 

retained the original boundaries of TF2 for this study.  Carter et al. (1994) further subdivide the 

TF2 segment into an upper tidal river (UTR) and a lower tidal river (LTR).  Maryland 

Department of Natural Resources (MD-DNR) water-quality monitoring stations for the mainstem 

are identified on Fig. 2.  

The data analyzed here included only those from the SAV growing season  

(April-October) for the period 1983-96, except for the study comparing SAV distribution with 

Chesapeake Bay restoration criteria, which spans 1983-97.  The available data included: (1) 

biweekly water-quality monitoring data from MD-DNR; (2) daily and/or monthly mean values 
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for windspeed (WINDSP), available sunshine (AVSUN), and precipitation (PRECIP) at National 

Airport from the National Oceanic and Atmospheric Administration (NOAA); (3) hydrologic 

information including river discharge data (DISCH) at Little Falls, MD, and sediment and 

nutrient loads at Chain Bridge from USGS; and (4) annual SAV coverage by segment as mapped 

by the Virginia Institute of Marine Science (VIMS) from the Chesapeake Bay Program Office of 

the EPA (Orth et al 1997; Rybicki 2000), supplemented with USGS data.  SAV coverage 

estimates for TF2 for 1983 were made by Carter and Rybicki (Carter et al. 1985) on the basis of 

extensive field work during the 1983 growing season.  No SAV estimates were available for 

1983 for POTOH or POTMH.  The SAV estimates for 1988 for UTR, LTR, TF2, and POTOH 

and stations therein, and for station 301B in POTMH, were made from 1:12,000-scale color 

aerial photographs acquired for the Metropolitan Washington Council of Governments Aquatic 

Plant Management Program.   

To account for the availability of plant-generating material at the start of a growing 

season, a surrogate variable for the biological memory was adopted, namely the SAV coverage 

in the previous year (SAV_P).  Note that SAV_P does not account for any propagules that may 

have been transported into a river segment during a growing season, either by flow from 

upstream segments or by living agents such as humans or birds.  The change in SAV cover from 

the previous year (SAV_D) is the first difference of the SAV series and can be calculated as the 

difference between SAV and SAV_P within a segment or within the area designated around a 

station.  SAV_D is the most direct representation of changes in the system due to conditions 

found during the reference growing period and is used in the analysis of a light threshold for 

growth. 

Water-quality data used in the analyses included TSS in mg l-1, CHLA in µg l-1, 

conductivity (COND) in µS cm-1, salinity (SAL) in ppt, water temperature (WATEMP) in 
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degrees Celsius (οC), and Secchi depth (SECCHI) in m.  The nutrients included total nitrogen 

(TN) in mg l-1 as N, nitrate plus nitrite (NO23) in mg l-1 as N, ammonia (NH4) in mg l-1 as N, 

dissolved inorganic nitrogen (DIN = NH4 plus NO23) in mg l-1 as N, total phosphorus (TP) in mg 

l-1 as P, and dissolved inorganic phosphorus (DIP--PO4) in mg l-1 as P.  The N/P ratio (Redfield 

ratio) was calculated and noted to vary by segment, but was not otherwise used in these analyses 

(Table 1).  TN and TP were collected from 1986-96.  In 1990, the method for analyzing NO23, 

NH4, and PO4 changed from use of whole water samples to filtered water samples.  Probability 

analysis showed that there was sufficient difference between results for filtered and unfiltered 

samples in the case of NH4 and PO4 to preclude using these time series as homogeneous records 

for trend analysis.  

 Statistical analysis methods included first difference analysis, exploratory data analysis 

using criteria scores, product moment correlations, trend analysis, and multivariate regressions.  

Growing season mean values of the variables were used for the product moment correlation 

analysis, but all other analyses used growing season median values for the various water-quality 

variables.  Growing season data obtained for PRECIP, WINDSP, AVSUN and DISCH were 

always summarized in terms of seasonal means.  With respect to the discharge data, the seasonal 

mean daily discharge was further characterized as indicating a "high" flow or "low" flow year.  

To separate the data into high and low flow years, we assigned mean seasonal daily discharges 

≥320.18 cubic meters per second (cms) to be high flows; this threshhold represents the third 

quartile (0.75) for April-October mean flows for the long-term record (1930-96) in the Potomac 

River at Little Falls.  There were five high flow years (1983, 1984, 1987, 1993, 1996) and eight 

low flow years (1985, 1986, 1988, 1990, 1991, 1992, 1994, and 1995).  For some additional 

statistical analyses, the growing season was subdivided into spring (April-June) and summer 
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(July-October) seasons.  All statistical analyses were performed using the SAS Computer 

Package (SAS Institute Incorporated 1985). 

We defined a scoring method (Landwehr et al. 1999) to determine what, if any, 

relationship existed between the seasonal coverage of SAV and the SAV restoration criteria for 

the Chesapeake Bay (Batiuk et al. 1992) and for the tidal Potomac River (freshwater) and 

oligohaline Potomac Estuary suggested by Carter and Rybicki in Batiuk et al. (1992, p. 27).  The 

restoration criteria were determined for certain salinity-based seasonal median water-quality 

parameters (Table 2).  In order to summarize for management purposes whether the criteria had 

historically been satisfied, the median seasonal values were converted into “Chesapeake Bay 

habitat criteria scores,” and a score was assigned for each water-quality parameter by river 

segment for each year studied by steps 1-3 below:   

1. Consider a river segment r in salinity regime s (fresh, oligohaline or mesohaline). For each 

water-quality parameter i, the median value of measurements made for samples taken 

during the SAV growing season in year t is represented as median (i,r,t) and compared 

with the median (i,s) value in Table 2.   

2. For i = TSS, CHLA, DIP, and DIN, the criteria define an upper bound which the seasonal 

median should not exceed.  The Chesapeake Bay habitat score is computed to be:  

Score (i,r,t)  = 1- [median (i,r,t) / criterion (i,s)]; 

but,  

if Score (i,r,t) < -1, then set Score (i,r,t) = -1. 

3. For i = SECCHI, the criterion defines a lower bound for the seasonal median.  The 

Chesapeake Bay habitat score is computed as follows:  

Score (i,r,t)  = [median (i,r,t) / criterion (i,s)] – 1;  

but,  
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if Score (i,r,t) > +1, then set Score (i,r,t) = +1. 

These scores were then compared to the coverage of SAV between 1983 and 1997. 

 For the correlation analysis, we computed and used spring (April-June) and 

summer (July-October) means as well as growing season means.  Linear correlations were 

computed among these parameter values using the PROC CORR procedure in SAS (SAS 

Institute Incorporated 1985); correlations were considered significant when the estimated 

pairwise probability of spurious correlations was p≤0.05.  Results for analyses both by segment 

and station are given in Carter et al. (1998).  We also computed the correlations by river segment 

using only high flow years and only low flow years.   

 A multivariate linear regression analysis was used to determine to what extent the 

variation of annual SAV coverage could be explained in terms of the variation in physical, 

biological, and chemical growing-season variables in a river segment.  Twelve possible 

explanatory variables were included in the analyses: COND, SECCHI, TSS, CHLA, TP, NO23, 

WATEMP, DISCH, AVSUN, PRECIP, WINDSP, and SAV_P.  The biological memory was 

represented as the availability of propagules in the segment from the previous year (SAV_P).  

For segments UTR, LTR, TF2, and POTOH, no NO23 data were available for years 1983–85, so 

that the complete set of data span N = 11 years, 1986-96.  Consequently, the estimated 

multivariate regression for these four segments was constrained by the possible degrees of 

freedom (df) to be at most a function of M = N - 2 = 9 variables, where M = the number of 

explanatory variables included in the model.  For the segment POTMH, no NO23 data were 

available for the years 1983-84.  Also, no SAV assessment was available for POTMH 1988, so 

there were no SAV_P data for 1989.  Thus, only N = 10 years of data were available for 

POTMH, 1985-87 and 1990-96, and the multivariate regression for POTMH was constrained by 

the possible degrees of freedom to be at most a function of M = N - 2 = 8 variables. 
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 The general model considered here can be expressed as a function of a subset of 12 

possible explanatory variables; that is,  

 

 SAV coverage  = linear function of [SAV_P, DISCH, PRECIP, AVSUN, WINDSP, 

WATEMP, COND, SECCHI, TSS, CHLA, TP, NO23] + error. 

 

Note that because of the degree of freedom limitations imposed on the analysis by the available 

length of the full data sets, we did not consider transformations of the variables and explored 

only linear functions.   

 All-possible-regressions analysis (using the SAS RSQUARE procedure) was carried out 

for each of the five Potomac River segments (UTR, LTR, TF2, POTOH, and POTMH) in order 

to consider models with all possible combinations of each of the 12 explanatory variables up to 

df variables within a model.  That is, for each river segment, all possible models with one 

explanatory variable were constructed first, then all models with two, and so on, continuing up to 

df explanatory variables.  The total number of possible models is the sum of all possible 

combinations up to all of the 12 variables, so there were on the order of 2**12 = 4096 possible 

models to consider.  It was necessary to delineate an objective strategy to choose among models 

for explaining the variation in SAV growth in a segment over the respective time period.  A 

determination of which model is "best" depends on the specific criteria chosen; different criteria 

lead to different designations.  An objective is to choose robust criteria so that if more seasonal 

or annual data falling within the range of the values seen in this dataset become available, then it 

would be unlikely that a different model would be chosen as “best” by the same criteria.  

We first considered models by size class, that is, M = 1,2,…df.  Within each size class M, 

that model was chosen to be “best” which attained the maximum adjusted R-square value (the 
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coefficient of determination adjusted for the model degrees of freedom, N - M - 1) and for which 

the regression coefficients for the variables in the model as well as the F value from the analysis 

of variance were all significantly different from zero at the p<0.05 level.  The number of 

candidate models per river segment was now reduced to df, that is, nine for each of UTR, LTR, 

TF2 and POTOH, and eight for POTMH. 

To choose among models in different size classes, several statistics were considered.  In 

addition to the maximum adjusted R-square value, we computed the root mean square error (a 

measure of the standard error of the estimate), the Akaike Information Criterion (AIC) (a 

measure of the goodness-of-fit by minimizing the log likelihood function), Mallow's J (a 

measure of the average prediction variance), and the PRESS statistic (an estimate of cumulative 

prediction error).  Each of these statistics addresses a different aspect of the goodness-of-fit of 

the model to the data.  Each of these latter statistics continued to decline up to the model with M 

= df explanatory variables, so that no simple minima clearly delineated a “best” model.  

Consequently, we considered three sets of models for each river segment: the simplest " best" 

model with M = 1; the model that achieves an adjusted R-square greater than or equal to 0.990 

(arbitrarily chosen) with minimal size class M; and the" best" model possible for the data set 

when M = df.  

  

RESULTS AND DISCUSSION 

 

Relation of Restoration Criteria to SAV Distribution  

 During the period 1983-96, the SAV coverage in the Potomac River varied greatly in all 

segments (Fig. 3).  From negligible coverage in the mainstem before 1983, cumulative coverage 

increased quickly, reaching a plateau for the entire river in 1987 (~2106 ha) with a peak in 1991 
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(~3596 ha), and then declined through 1996 (~2181 ha).  Coverage within each segment of the 

Potomac River and Estuary followed its own dynamic pattern so that the distribution of SAV 

coverage among segments was quite different over the period of interest.  Indeed, even though 

the cumulative Potomac SAV coverage was effectively the same in 1996 as in 1987, the 

coverage by salinity zone was quite different (Fig. 3).  

 

Comparison of the SAV cover and water-quality criteria for segments showed that the 

SAV habitat criteria were neither necessary nor sufficient for the growth of SAV in all situations, 

although they appeared to correlate best with the fresh tidal segments.  SAV was present in the 

UTR starting in 1983, increasing to a peak in 1986, declining to a low in 1989, and then 

remaining at a moderate level from 1990-96, with a peak in 1991 followed by a slow decline 

(Fig. 4).  During the periods of increase, all SAV habitat criteria were generally well met, 

whereas declines occurred during periods when the scores for TSS, SECCHI, and CHLA were 

increasingly negative, indicating the criteria had not been met.  In the LTR also (Fig. 4), periods 

of increase and peaks in SAV coincided with large positive criteria scores for most of the 

parameters, and periods of decline coincided with negative scores in the same parameters, TSS, 

SECCHI, and/or CHLA.  Combining the UTR and LTR into the TF2 obscured the dynamics of 

the system, but the same general trend was observed.  

The criteria did not capture the dynamics of the POTOH or POTMH.  Segment POTOH 

has had SAV continuously since the early 1900’s (Carter et al. 1985), although coverage was 

quite low in 1978 (Fig. 3).  During this study, coverage continued at about the same level from 

1984-88 and then increased to a slightly higher level in 1989, remaining at this higher level 

through 1996 despite increasing failure to meet the TSS and SECCHI criteria beginning in 1992 

(Fig. 5).  Segment POTMH (Fig. 5) had minimal SAV coverage during the entire period, with a 
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noticeable increase in 1993-96.  Since 1986, all criteria except the DIN criterion were met in all 

years.  This reach was expected to have Zostera marina and Ruppia maritima, two species found 

primarily in mesohaline waters, as well as freshwater and oligohaline species in the tributaries 

and upstream end.  Freshwater and oligohaline species were found near the 301 Bridge at the 

upstream part of the segment, and R. maritima could be found in small populations, but no Z. 

marina has been found in this segment since the late 1930’s.  Concurrent propagule studies in the 

segment suggested lack of propagules might be responsible for the lack of Z. marina. 

Water depth is also a consideration in evaluating the water-quality criteria for restoration.  

The water-quality criteria were developed for restoration of SAV to a depth of 1 m; however, the 

areas of largest SAV coverage in POTOH and POTMH actually occur in shallow water <1 m in 

depth.  It may be that the criteria as stated do not apply to shallow areas or embayments where 

wind and wave action are not as strong and do not destroy vegetation in shallow areas. 

 

Relation of Light Availability (Secchi Depth) to SAV Growth  

The light requirement for the fresh tidal reach, as suggested by Carter and Rybicki in 

Batiuk et al. (1992), was a seasonal median light attenuation coefficient Kd = 2.2 m-1 or a Secchi 

depth of 0.66 m.  On the basis of light data from 1983-89, Carter et al. (1994) showed that when 

seasonal mean Secchi depths exceeded 0.65 m in the tidal river, SAV coverage expanded, and 

when Secchi depths were ≤0.65 m, SAV coverage remained the same or decreased.  This 

threshhold was tested using data from 1990-96.  Figure 6 is a plot of median seasonal Secchi 

depth versus SAV_D for the period 1983-96.  It can be seen that the appropriate Secchi depth 

thresholds are 0.7 m in TF2 and 0.75 m in POTOH.  That is, above these thresholds, SAV 

coverage always increased; below these thresholds, the SAV coverage tended to decrease but 

sometimes increased from the previous year.  Similarly, SAV_D was plotted against the median 
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percent light at 1 m during the SAV growing season (Fig. 7).  When median percent light was 

greater than 13% [the equivalent of a vertical attenuation coefficient (Kd) of 2.0 m-1 or a Secchi 

depth of 0.7 m, using the CBP 1.45 conversion factor], SAV coverage showed only positive 

increases, but below 13%, increases were sometimes positive and sometimes negative.  In either 

case, no such threshold was observed for the POTMH.  Factors other than light are probably 

involved in SAV increase or decrease from the previous year, and we suggest that if other habitat 

conditions are favorable,  SAV growth may tolerate worse light conditions for one or perhaps 

two season, but probably not on a protracted basis. 

In POTMH, SAV has continued to increase steadily since 1984, albeit the coverage 

remains relatively small compared to pre-1960 conditions when historic aerial photographs show 

large beds of SAV.  Colonization by SAV has probably taken place primarily in areas less than 1 

m deep.  Mid-channel light conditions are better in POTMH than in either the TF2 or POTOH, 

with the median seasonal Secchi depth generally never dropping below 1 m for the period 1983-

96.  If median Secchi depth is 1 meter, then using a conversion factor of 1.45 to calculate Kd, 

median light conditions are Kd = 1.5 m-1, %light = 22% at 1-m depth (mlw).  Regardless of the 

absence of any threshold for POTMH, it appears that the previously promulgated Chesapeake 

Bay Program light criteria for mesohaline and polyhaline segments (Table 2) are consistent with 

what has been seen in this reach.  These criteria have also been accepted in the second Technical 

Synthesis Report of the Chesapeake Bay Program (Batiuk et al. 2000). 

 

Correlation Analyses for SAV Coverage with Water-Quality Variables, Discharge, and Weather 

The results of the correlation analysis by salinity-based segments showed the complexity 

of relationships among the many variables considered (Tables 3-7).  Relationships among 

discharge, precipitation, conductivity (salinity), and water temperature (e.g. >PRECIP = 
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>DISCH) are common to all segments; these relationships are not repeated in the tables.  TN is 

always strongly positively correlated with NO23 in all segments, and this relationship is not 

included in the tables.  The correlations were computed not only with SAV coverage in a given 

year (SAV), but also with the change in coverage from the previous year (SAV_D).  Table 3 

presents flow-related and seasonal (growing season, spring, summer) correlations, respectively, 

for variables in segment UTR.  Similarly, Table 4 presents correlations for the LTR, Table 5 for 

the TF2, Table 6 for POTOH, and Table 7 for POTMH.  Figure 8 summarizes growing season 

correlations for CHLA, TSS, SAV, and SECCHI for all segments.  In general, these results 

confirmed the linkages proposed in the conceptual model shown in Fig. 1 and provided further 

information on their significance by river segment.  These growing season results form the basis 

for the multivariate models.  Correlation coefficients, probabilities, and number of samples for 

all pairwise correlation between variables can be found in Carter et al. 1998. 

In the UTR, DISCH and TSS were positively correlated over all flow regimes, as were 

increases in SAV from the previous year and SECCHI (Table 3).  TSS and DISCH correlations 

were especially strong in the summer.  Nutrient relationships in the UTR seemed to be more 

pronounced in high flow years than the low flow years.  During high flow years, the nitrogen 

species (TN, NO23) were strongly negatively correlated with flow in the UTR, possibly because 

of dilution of Blue Plains wastewater, whereas the TP was strongly positively correlated with 

both TSS and flow.  Overall, TP was more strongly correlated with TSS during the summer than 

the spring.  CHLA, a measure of phytoplankton growth, was most highly correlated with the 

available sunshine in high flow years, whereas during low flow years, CHLA showed a negative 

correlation with the nitrogen concentrations (TN, NO23) due to phytoplankton uptake.  Not 

surprisingly, during low flow years, SECCHI was inversely related to TSS.  WINDSP was 

negatively correlated with SECCHI overall, especially during the spring.  WINDSP was 
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negatively correlated with TP during low flow periods, perhaps as a result of analysis methods 

dealing with large volumes of sediment, or perhaps indicating that resuspension of sediments 

leads to loss of phosphorus from the water column.  WATEMP, which influences plant growth 

rate, was positively correlated with AVSUN in the summer. 

The LTR differed markedly in its relationships among variables from the UTR (Table 4).  

Indeed, LTR variability dominated the perceived relationships in TF2 (Table 5) when the entire 

tidal fresh segment was treated as one unit.  Unlike UTR, SECCHI and SAV_D were not 

significantly linearly correlated; and as seen in Figs. 6 and 7, although a threshhold relationship 

exists among these variables in LTR, it is not linear.  As would be expected, during high flow 

years, DISCH and TSS were highly positively correlated, and DISCH and SECCHI were highly 

negatively correlated, as was SECCHI with TP and with TSS.  During low flow regimes, 

different relationships came to bear, perhaps reflecting the input of nitrogen-rich waters from the 

Blue Plains Sewage Treatment Plant.  Just as in the UTR, CHLA was negatively correlated with 

the nitrogen species; but unlike the UTR, CHLA was positively related to TP, suggesting a 

phosphorus limitation.  In this segment, SAV coverage was positively correlated with NO23, 

especially during the spring season and during low flow years, but the correlations of NO23 to 

inter-annual changes in SAV coverage seem to be most sensitive to high flow years and to 

summer conditions.  This could be an indirect result of the inverse relationship between NO23 

and CHLA seen in the UTR and LTR.  CHLA was negatively correlated with SAV in low flow 

periods, especially in the summer.  SAV was negatively correlated with spring TSS. 

When the UTR and LTR stations were combined to represent the entire tidal fresh 

Potomac River (TF2), many correlations were strengthened, partially as a result of doubling the 

number of samples (Table 5).  Not surprisingly, TSS was positively related to DISCH, especially 

in high flow years and during the summer months.  In high flow years, SECCHI was negatively 
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correlated with DISCH and TSS, and the inverse relationship between SAV and CHLA was very 

strong.  The inverse relationship between CHLA and NO23 or TN was particularly striking in low 

flow years. 

Certain expected relationships (Fig. 1) continued to hold in POTOH (Table 6).  SECCHI 

was negatively correlated with TSS regardless of season or flow, negatively correlated with 

DISCH and PRECIP in summer, and positively correlated with summer SAL.  DISCH and TSS 

were positively correlated only during high flow years and during the summer.  CHLA was 

positively correlated with TP during high flow years, suggesting a phosphorous limitation, but 

this did not hold during low flow years.  As in UTR and LTR, CHLA and NO23 were negatively 

correlated in low flow years.  CHLA was higher when spring DISCH decreased and SAL 

increased.  Unlike UTR and LTR, SECCHI and SAV_D were not significantly linearly 

correlated; and although a threshhold relationship exists between these variables for POTOH 

(Figs. 6 and 7), it is not linear. 

Water clarity was generally very good, and nutrient concentrations were low in the 

POTMH, although dissolved inorganic nitrogen values did not generally meet the water- quality 

criteria for restoration of SAV (Fig. 5).  Both SAV and SAV_D were positively correlated with 

DISCH, in particular in the summer months and low flow years, possibly because more 

propagules and nutrients were brought into the reach (Table 7).  The positive correlation between 

SAV and DISCH, however, was strongest in low flow years.  SECCHI was negatively correlated 

with seasonal TN and NO23, negatively correlated with spring TN, NO23, TSS, TP, and DISCH, 

and positively correlated with seasonal and spring SAL.  It was clear that river discharge had a 

strong impact on early growing season light conditions in this segment.  CHLA was positively 

correlated with AVSUN in high flow years, whereas SAV was positively correlated with 

AVSUN in low flow years.  CHLA was also positively correlated with seasonal WINDSP.  
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However, in the spring, CHLA was negatively correlated with TSS, suggesting that high TSS 

reduced light availability for phytoplankton.  

 

Multivariate Regression Analysis of SAV Coverage With Relation to Water Quality, 

Weather, Discharge, and Availability of Propagules 

Table 8 presents the multivariate regression analysis results, listing the "best" model for 

each river segment according to the three different definitions of "best."  In addition to listing the 

variables included in each "best" model and its respective R-square value, the table also presents 

the respective root mean square error (RMSE) and AIC values as diagnostics for the fit 

relationship.  Because these mathematical relationships are not applicable outside the range of 

the underlying data and because of the collinearity among the variables (as discussed in the 

previous section), the values of the coefficients are not as informative as just the presence of the 

explanatory variables in each model.   

In considering the segments and model objectives below, certain patterns of relationship 

emerged.  The first and simplest category of model considered was that with M = 1.  This was 

consistent with finding the single variable that had the highest linear correlation to annual SAV 

coverage, or equivalently, that could explain the greatest percentage of the variation in the SAV 

record.  For river segments UTR, LTR, POTOH, and POTMH, this variable was availability of 

material from the previous year, SAV_P, or the biological memory in the segment; it accounted 

for approximately 68%, 57%, 61%, and 84%, respectively, of the variance in SAV coverage.  

For the composite river segment TF2, the single best explanatory variable was TSS, with 

approximately 60% of the variation explained.  

The presence of plant material in the segment during the previous year, as SAV_P, was 

significant as we went downstream in LTR, POTOH, and POTMH -- but not in UTR or TF2.  
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Propagule flux is generally in a downstream direction, although the affects of tide must also be 

considered.  Unfortunately, information regarding upstream, nontidal populations of SAV was 

not available, so we were unable to analyze the relationship of SAV coverage to the previous 

year’s coverage in the segment upstream.  Propagule flux studies in the TF2 showed a substantial 

flux of viable plant material, indicating that revegetation should occur if water-quality conditions 

are right (Rybicki and Carter 1995).  In contrast, propagule flux studies in the lower part of 

segment POTMH (Carter and Rybicki, unpublished data) indicated that there was no flux of R. 

maritima and Z. marina propagules to selected sites along the shoreline during 1997.  Whereas 

lack of propagules may account for failure to revegetate, strong fluxes of propagules could 

maintain SAV populations in areas where water-quality criteria are not met.  The flux of 

propagules from the well-vegetated UTR may have been responsible for the dramatic increase in 

the LTR in 1989 (Fig. 3).  Likewise, the years of highest coverage in the LTR (1989-93) 

coincided with increased coverage in POTOH.  A constant movement of plant propagules from 

up river could have helped maintain populations in the POTOH, despite poor water quality.  

Additionally, the persistence of freshwater and oligohaline species at the most upriver station in 

POTMH may have been the result of the constant influx of propagules from vegetated areas in 

POTOH.  The presence of plants in the previous year also makes it more likely that there will be 

at least a small remnant population in years of poor light availability.  

The second model category considered was that model for each river segment which 

achieved an adjusted R-square value greater than or equal to 0.990, but with minimal class size 

M.  That is, we looked for that model which explained at least 99% of the variation in the annual 

SAV coverage, but with a minimal number of explanatory variables M.  (Note that 0.990 was an 

arbitrary choice, but one that represented most of the variation in the record.)  For the five 

segments, UTR, LTR, TF2, POTOH, and POTMH, the respective "best" size classes were M = 
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7,7,6,7, and 5, respectively.  By examining the selected variables shown in Table 8, it can be 

seen that discharge was the one variable that was common to each river segment, even though it 

was not the variable most correlated with SAV growth for any segment.   

 The model results indicate that water-quality constituents were not sufficient to describe 

the variation in SAV coverage as suggested by the Chesapeake Bay criteria (Batiuk et al. 1992); 

an accounting must be taken of the physical environment in the river as well.  The availability of 

plant material (as SAV_P) was necessary when going downstream -- in LTR, POTOH, and 

POTMH -- but not in UTR (or TF2).  In contrast, the nutrients NO23 and TP only appeared in 

models for the tidal fresh portions of the river, suggesting that nutrients were limiting only to 

SAV in the tidal fresh river.  (Note that TP occurred in all three tidal fresh segment models -- 

UTR, LTR, and TF2 -- but NO23 occurred only in the LTR and TF2 models.)  Also, TSS was not 

important in LTR (or TF2), although all other segment models required it.  Consistent with the 

result of the light threshold studies we discussed earlier in this paper, namely that light 

conditions in the mesohaline segment (POTMH) are not as constraining to SAV growth as they 

are upstream, we see that the model for POTMH did not include light in the water column 

(SECCHI) as an explanatory variable, but the other upstream segments did.  In general, behavior 

in POTMH with M = 5 appeared more simple than for UTR, LTR, or POTOH with M = 7 each; 

but the comparison is not entirely valid because POTMH was analyzed for slightly different 

years (see Methods).  Finally, the tidal fresh Potomac analyzed as one segment (TF2) appeared 

to behave differently from either UTR or LTR, although DISCH, SECCHI, and TP were 

significant explanatory variables in all three segments.   

The third model category considered was that in which variables were included in that 

model for each river segment with df = M, that is for which the maximum possible variance 

could be explained conditioned on the available data.  The “best” model for each segment when 
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the size class was at its limit is included in Table 8.  The percent variation explained was 

approximately 100% for each model and the standard error of the estimate negligible, so each 

AIC value is negative.  Again, collinearity among explanatory variables had an influence on the 

model structure, but the behavior of SAV growth was clearly a complex response to a variety of 

forcing variables.  The two variables common to each river segment when M = df were TP and 

COND; SECCHI was common to all segments except POTMH, where light is not limiting; 

SAV_P was common to all segments except TF2 and POTOH, where SAV has continued to be 

present even when not present in other segments. 

 

SUMMARY 

 

The model in Fig. 1 summarizes and helps to illustrate the complexity of SAV 

relationships in the tidal Potomac River and Estuary.  Our analyses showed few direct 

correlations between SAV and the various water-quality, weather, and discharge parameters; 

however, correlations among variables were consistent with the model in their reflection of the 

dynamic interrelationships between primary producers and environmental variables.  The 

multiple regression analysis also emphasized the complexity of the relationships, showing that 

hydrologic conditions (DISCH) and biologic considerations (SAV_P) needed to be considered as 

much as water-quality factors in determining satisfactory conditions for SAV growth.  The  

non-linearity of positive conditions for growth was stressed by the light threshold analysis shown 

in Figs. 4 and 5.  Additionally, it was apparent that the river segments were each a different 

environment.  Further, segments UTR and LTR were quite different, and combining them into 

the TF2, as done by the Chesapeake Bay Program, resulted in different perceptions about the 

importance of the factors affecting SAV. 
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Light availability is considered the single most important factor directly affecting SAV 

survival and growth in the Chesapeake Bay (Batiuk et al. 1992, 2000; Carter et al. 1994); 

however, water quality as affected by DISCH clearly plays a major role.  The multiple 

regressions demonstrated that SECCHI was indeed a very important factor in UTR, LTR, TF2, 

and POTOH.  Light available to SAV in the tidal freshwater Potomac River (UTR, LTR, TF2) 

was negatively correlated with TSS and CHLA concentrations in the water column; epiphytes 

may have blocked some of the available light, but there was insufficient information available to 

establish relationships.  

Analysis of POTMH indicated a nutrient-limited reach dominated by the effects of river 

discharge with a significant impact of TSS on SAV.  Increased DISCH increased TN and NO23 

concentrations, favorably affecting SAV growth, although light availability was adversely 

affected by higher DISCH.  In general, light was not limiting in the POTMH; so the presence of 

adequate numbers of propagules and the availability of nutrients may be the keys to revegetation 

in this reach. 
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Fig. 1. Model of interrelationships of submersed aquatic vegetation (SAV) with selected chemical, 
physical, and biological factors.  External and internal variables are shown in rectangles and ellipses, 
respectively.  This analysis does not include variables explicitly representing either watershed 
characteristics or epiphytes; these relationships are shown with dashed lines.  
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Fig. 2. Map of the tidal Potomac River and Estuary from Washington, D.C. to Point Lookout 
showing segments and water-quality stations.  Water-quality stations are identified by a 
Maryland Department of Natural Resources code number and a short United States Geological 
Survey designation.   
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Fig. 3. Submersed aquatic vegetation (SAV) coverage for tidal Potomac River and Estuary 
segments.  Asterisk indicates that no data is available for the mesohaline segment (POTMH) for 
1983 and 1988. 
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Fig. 4. Surface area, in hectares, covered by submersed aquatic vegetation (SAV) compared with 
SAV habitat criteria scores in Potomac River upper tidal river (UTR) and lower tidal river (LTR) 
segments for the period 1983-96.  [F denotes the use of filtered water samples for dissolved 
inorganic nitrogen (DIN) and dissolved inorganic phosphorous (DIP).] 

 



Carter et al. 
34 

 
 

Fig. 5. Surface area, in hectares, covered by submersed aquatic vegetation (SAV) compared with 
SAV habitat criteria scores in Potomac River and Estuary oligohaline (POTOH) and mesohaline 
(POTMH) segments for the period 1983-96.  [F denotes the use of filtered water samples for 
dissolved inorganic nitrogen (DIN)and dissolved inorganic phosphorous (DIP).] 
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Fig. 6. The change in submersed aquatic vegetation (SAV) coverage from the previous year as 
shown in relation to the mean Secchi depth measured during the SAV growing season (April-
October) for segments in the tidal Potomac River and Estuary.   
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Fig. 7. The change in submersed aquatic vegetation (SAV) coverage from the previous year as 
shown in relation to the median percent light at 1 m during the SAV growing season (April-
October) for segments in the tidal Potomac River and Estuary, assuming conversion factor Kd = 
1.45/SECCHI.  
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Fig. 8. Relationships among submersed aquatic vegetation (SAV), chlorophyll-a (CHLA), total 
suspended solids (TSS), and Secchi depth (SECCHI) with other variables in segments of the tidal 
Potomac River and Estuary, 1983-96.  Variable abbreviations are given in the text, and segment 
location abbreviations are denoted in Fig. 2.   
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Table 1. Range of mean seasonal (April-October) measurements of nutrient, total suspended 
solids, and chlorophyll-a concentrations and Secchi depth in segments of the tidal Potomac River 
and Estuary, 1983-96 
[nutrient and TSS concentrations in mg l-1; chlorophyll-a concentrations in µg l-1; NO23 is nitrate 
plus nitrite as N; NH4 is ammonia as N; TN is total nitrogen; TP is total phosphorus; PO4 is 
phosphate as P; N/P is N/P ratio; TSS is total suspended solids; CHLA = chlorophyll-a; Secchi 
depth in m] 

 
      

Segment NO23 NH4 TN TP N/P 
      

TF2 1.32 - 1.93 0.07 - 0.14 2.14 - 2.70 0.07 - 0.16 98:1 - 348:1 
UTR 1.55 - 2.30 0.07 - 0.18 2.27 - 3.01 0.07 - 0.18 120:1 - 447:1 
LTR 1.03 - 1.84 0.05 - 0.14 1.86 - 2.58 0.07 - 0.15 79:1 - 250:1 

POTOH 0.61 - 1.57 0.05 - 0. 10 1.37 - 2.18 0.07 - 0.16 31:1 - 145:1 
POTMH 0.13 - 0.55 0.04 - 0.11 0.64 - 1.50 0.05 - 0.12 21:1 - 186:1 

      
Segment SECCHI CHLA TSS DIN  

      
TF2 0.49-0.78 7.76-28.11 13.5-68.9 0.09-4.22  
UTR 0.52-0.87 8.80-27.79 11.5-84.8 0.79-4.21  
LTR 0.46-0.87 5.13-32.79 10.3-53.1 0.09-4.22  

POTOH 0.40-0.90 3.64-33.72 13.6-37.1 0.04-2.35  
POTMH 0.95-1.43 3.10-20.06 7.3-15.1 0.004-1.81  

 

 



Carter et al. 
39 

Table 2. Chesapeake Bay submersed aquatic vegetation habitat requirements for three salinity 
regimes (tidal fresh, oligohaline, and mesohaline) one meter restoration as proposed by 
Chesapeake Bay Program (Batiuk et al. 1992) specifically for the Potomac River and Estuary 
[SECCHI is Secchi depth; TSS is total suspended solids; CHLA is chlorophyll-a; DIP is 
dissolved inorganic phosphorus; DIN is dissolved inorganic nitrogen] 
 

 
Parameter 

 

 
Tidal fresh 

<0.5ppt 
 

 
Oligohaline 

0.5-5 ppt 

 
Mesohaline 

5-18 ppt 

SECCHI 
(m) a 

> 0.7 > 0.7 >1.0 

TSS 
(mg l-1) 

<15 <15 <15 

CHLA 
(µg l-1) 

<15 <15 <15 

DIP 
(mg l-1) 

≤ 0.04 b <0.07 b <0.01 

DIN 
(mg l-1) 

NA NA <0.15 

 
 

a Secchi depth habitat requirements determined by applying the conversion factor  SECCHI = 
1.45/ light attenuation coefficient Kd, as discussed on p. 27 of Batiuk et al. (1992).  
 
b DIP criteria for tidal fresh Potomac River segments and oligohaline Potomac Estuary segment 
are taken from p. 74 of Batiuk et al. 1992, whereas all other criteria are taken from p. 27.  
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Table 3. Significant (p ≤0.05) flow-related and seasonal correlations for the upper tidal river 
(UTR) segment, tidal Potomac River, 1983-96   
[CC is correlation coefficient; n is number of samples] 
 

 
Parameter 1 

 
Parameter 2 

 
Pearson 

CC for all 
years 

 
n ≤ 14  

 

 
Pearson 
CC for 

high flow 
years 
n ≤5  

 
Pearson 
CC for 

low flow 
years 
n ≤8 

 
Pearson 
CC for 
spring 

 
n ≤14 

 
Pearson 
CC for 
summer 

 
n ≤14 

SECCHI SAV_D 0.81 0.83 0.82 0.65 0.74 
SECCHI  TSS   -0.72  -0.56 
SECCHI WATEMP 0.64     
SECCHI WINDSP -0.63   -0.83  
SECCHI DISCH     -0.57 
SECCHI TP     -0.54 
       
CHLA AVSUN 0.79 0.97   0.76 
CHLA TN   -0.84   
CHLA NO23   -0.78   
CHLA WINDSP     -0.61 
CHLA COND    0.59  
       
TSS TP 0.86 0.93   0.91 
TSS  DISCH 0.75 0.95 0.76  0.91 
TSS TN -0.62 -1.00    
TSS NO23  -0.95    
TSS WATEMP -0.56   -0.70 -0.54 
TSS COND    -0.66  
TSS PRECIP     0.57 
       
TN DISCH  -0.99   -0.69 
TN PRECIP     -0.73 
TN TP  -0.95    
NO23 DISCH -0.53 -0.90   -0.59 
NO23 PRECIP -0.54    -0.66 
NO23 COND 0.64     
TP WINDSP   -0.86   
TP DISCH 0.80 0.92    
TP NO23 -0.55 -0.93 -0.55  -0.63 
TP PRECIP     0.54 
       
SAV COND 0.57    0.69 
SAV TN     0.71 
SAV_D WINDSP    -0.61  
SAV_D WATEMP 0.64   0.58  
WATEMP AVSUN     0.70 
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Table 4. Significant (p ≤0.05) flow-related and seasonal correlations for the lower tidal river 
(LTR) segment, tidal Potomac River, 1983-96   
[CC is correlation coefficient; n = number of samples] 
 

 
Parameter 1 

 
Parameter 2 

 
Pearson 

CC for all 
years 

 
n ≤14  

 

 
Pearson 
CC for 

high flow 
years 
n ≤5 

 
Pearson 
CC for 

low flow 
years 
n ≤8 

 
Pe

arson CC 
for spring 

 
 

n ≤14 

 
Pearson 
CC for 
summer 

 
n ≤14 

SECCHI TP -0.71 -0.89  -0.54 -0.70 
SECCHI TSS -0.69 -0.90 -0.78 -0.78 -0.65 
SECCHI DISCH  -0.85    
SECCHI NO23    0.59  
       
CHLA NO23 -0.77  -0.87  -0.68 
CHLA  TN -0.72  -0.81   
CHLA SAV -0.72  -0.74  -0.71 
CHLA TP 0.70  0.75  0.72 
CHLA WINDSP -0.62 -0.87   -0.61 
CHLA DISCH    -0.55  
       
TSS DISCH 0.76 0.95   0.88 
TSS TP 0.68   0.53 0.76 
TSS PRECIP     0.56 
TSS NO23    -0.59  
TSS SAV    -0.66  
       
TN AVSUN -0.64     
TN SAV_D 0.66    0.71 
TP NO23 -0.58  -0.73   
TP SAV    -0.61  
TP WINDSP -0.58    -0.61 
NO23 WATEMP -0.61    -0.56 
NO23 SAV_D  0.94   0.64 
NO23 SAV 0.66  0.83 0.86  
       
SAV_D AVSUN -0.60    -0.55 
WATEMP AVSUN     0.69 
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Table 5. Significant (p ≤0.05) flow-related and seasonal correlations for the entire tidal fresh 
(TF2) segment, tidal Potomac River, 1983-96   
[CC is correlation coefficient; n = number of samples] 
 

 
Parameter 1  

 
Parameter 2 

 
Pearson 

CC for all 
years 

 
n ≤14  

 

 
Pearson 
CC for 

high flow 
years 
n ≤5 

 
Pearson 
CC for 

low flow 
years 
n ≤8 

 
Pearson 
CC for 
spring 

 
n ≤14 

 
Pearson 
CC for 
summer 

 
n ≤14 

SECCHI WATEMP 0.71  0.74  0.55 
SECCHI TSS -0.66 -0.91  -0.69 -0.69 
SECCHI DISCH  -0.92   -0.67 
SECCHI WINDSP    -0.72  
SECCHI PRECIP     -0.57 
SECCHI TP     -0.68 
       
CHLA NO23 -0.86  -0.93   
CHLA TN -0.84  -0.89   
CHLA WINDSP -0.66 -0.95    
CHLA SAV -0.66 -0.83 -0.75   
CHLA DISCH    -0.57  
CHLA AVSUN     0.57 
       
TSS TP 0.77 0.83   0.85 
TSS DISCH 0.77 0.96   0.91 
TSS WATEMP -0.53   -0.57  
TSS PRECIP     0.57 
       
TN SAV_D  -0.99    
TN SAV 0.69   0.62 0.60 
TP DISCH 0.68 0.82   0.72 
TP NO23 -0.56     
NO23 SAV  0.61   0.58  
       
SAV WINDSP  0.82    
WATEMP AVSUN     0.70 
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Table 6. Significant (p ≤0.05) flow-related and seasonal correlations for the oligohaline 
(POTOH) segment, Potomac Estuary, 1983-96  
[CC is correlation coefficient; n = number of samples] 
 

 
Parameter 1 

 
Parameter 2 

 
Pearson 

CC for all 
years 

 
n ≤14  

 

 
Pearson 
CC for 

high flow 
years 
n ≤5 

 
Pearson 
CC for 

low flow 
years 
n ≤8 

 
Pearson 
CC for 
spring 

 
n ≤14 

 
Pearson 
CC for 
summer 

 
n ≤14 

SECCHI TSS -0.80 -0.85 -0.75 -0.69 -0.79 
SECCHI PRECIP   -0.83  -0.68 
SECCHI SAL 0.59  0.75  0.67 
SECCHI WATEMP 0.61    0.72 
SECCHI DISCH     -0.69 
SECCHI TN     -0.66 
       
CHLA TP 0.79 0.83   0.79 
CHLA NO23   -0.71 -0.56  
CHLA TSS     0.52 
CHLA WATEMP    0.59  
CHLA SAL    0.81  
CHLA DISCH    -0.71  
CHLA PRECIP    -0.54  
       
TSS DISCH  0.91   0.81 
TSS PRECIP     0.67 
       
TN PRECIP 0.82    0.81 
TN SAL -0.70    -0.84 
TN  NO23 0.91 1.00 0.80   
TN WATEMP -0.74 -0.97  -0.60 -0.62 
TN AVSUN -0.63 -0.97    
TN DISCH 0.67  0.78  0.77 
TN SAV_D 0.77   0.69 0.65 
NO23 SAV_D 0.64    0.61 
NO23 PRECIP 0.65    0.64 
NO23 SAL -0.61    -0.69 
NO23 WATEMP -0.82 -0.88 -0.78   
NO23 DISCH     0.66 
       
SAV_D PRECIP 0.59   0.64  
SAV_D AVSUN -0.74    -0.66 
WATEMP AVSUN     0.72 
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Table 7. Significant (p ≤0.05) flow-related and seasonal correlations for mesohaline (POTMH) 
segment, Potomac Estuary, 1983-96   
[CC is correlation coefficient; n = number of samples] 
 

 
Parameter 1 

 
Parameter 2 

 
Pearson 

CC for all 
years  

 
n ≤14 

 

 
Pearson 
CC for 

high flow 
years 
n ≤5 

 
Pearson 
CC for 

low flow 
years  
n ≤8 

 
Pearson 
CC for 
spring 

 
n ≤14 

 
Pearson 
CC for 
summer 

 
n ≤14 

SECCHI SAL 0.87 0.81 0.81 0.80 0.83 
SECCHI SAV  -0.92    
SECCHI DISCH -0.76  -0.76 -0.75 -0.64 
SECCHI SAV_D -0.78   -0.72 -0.67 
SECCHI TN -0.60   -0.70 -0.67 
SECCHI NO23    -0.76 -0.74 
SECCHI TSS -0.77   -0.59  
SECCHI TP    -0.79  
       
CHLA AVSUN  -0.95    
CHLA WINDSP 0.68     
CHLA TSS    -0.54  
CHLA SAL     -0.62 
CHLA SAV_D     0.84 
CHLA DISCH     0.77 
CHLA TN     0.77 
       
TSS SAV 0.84 0.90    
TSS SAL  -0.82    
TSS DISCH  0.82    
TSS SAV_D 0.65     
TSS NO23    0.64  
       
TN SAV_D 0.78   0.69 0.80 
TN DISCH 0.74   0.87 0.81 
TN SAV 0.66    0.70 
TN SAL -0.64   -0.81 -0.69 
TN WATEMP -0.56     
TN PRECIP     0.58 
TP WINDSP -0.58   -0.67  
TP DISCH    0.54  
NO23 SAV_D 0.66 1.00   0.61 
NO23 WATEMP -0.62   -0.55  
NO23 DISCH 0.76   0.86 0.69 
NO23 SAV 0.58    0.53 
NO23  SAL -0.80  -0.81 -0.90 -0.74 
NO23  PRECIP 0.60     
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SAV SAV_D 0.92  0.78 0.92 0.92 
SAV SAL -0.60 -0.91   -0.60 
SAV DISCH 0.61  0.97  0.81 
SAV AVSUN   0.82   
SAV_D SAL  -0.81   -0.64 -0.83 
SAV_D DISCH 0.76  1.00  0.81 
SAV PRECIP     0.60 
       
WATEMP AVSUN     0.70 
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Table 8. Multivariate regression analysis results, by river segment, showing composition and 
statistical characteristics of best model, where “best” is defined by three categories: best for 
univariate case; best with respect to minimal variable model to have adjusted R2>0.99; and best 
when the maximum number of variables are used 
[RMSE is root mean square error; AIC is Akaike Information Criterion; N is number of samples] 
 

 
River segment 

model with 
M explanatory 

variables 
(Sample Size = N) 

 

 
Explanatory 

variables 
 

 
Adjusted 

R2 

 
RMSE 

 
AIC 

 
Best model of size class M = 1 

 
TF2  M = 1             
(N = 11) 

TSS 
 

0.598 261 124 

UTR  M = 1             
(N = 11) 

SAV_P 0.678 260 124 

LTR  M = 1             
(N = 11) 

SAV_P 0.572 270 125 

POTOH  M = 1         
(N = 1) 

SAV_P 0.614 254 124 

POTMH  M = 1         
(N = 10) 

SAV_P 0.843 44 77 

 
Best model of size class M with least M among models with adjusted R2 ≥0.990 

 
TF2  M = 6              
(N = 11) 

DISCH, SECCHI, 
TP, NO23, CHLA, 
WATEMP 

0.990 40 84 

UTR  M = 7              
(N = 11) 

DISCH, SECCHI, 
TSS, TP, COND, 
CHLA, WINDSP 

0.999 17 64 

LTR  M = 7             
(N = 11) 

DISCH, SECCHI, 
SAV_P, TP, NO23, 
AVSUN, WATEMP 

0.999 14 60 

POTOH  M = 7         
(N = 11) 

DISCH, SECCHI, 
SAV_P, TSS, 
CHLA, AVSUN, 
WINDSP 

0.997 24 72 

POTMH  M = 5         
(N = 10) 

DISCH, SAV_P, 
TSS, COND, 
PRECIP 

0.998 
 

5 35 

 
Best model of size class M = df 
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TF2  M = 9              
(N = 11) 

DISCH, SECCHI, 
TSS, TP, COND, 
NO23, CHLA, 
WATEMP, PRECIP 

~1 0.1 -60 

UTR  M = 9             
(N = 11) 

DISCH, SECCHI, 
SAV_P, TP, COND, 
CHLA, AVSUN, 
WATEMP, PRECIP 

~1 1 -6 

LTR  M = 9             
(N = 11) 

DISCH, SECCHI, 
SAV_P, TSS, TP, 
COND, NO23, 
AVSUN, WATEMP 

~1 0.01 -102 

POTOH  M = 9         
(N = 11) 

SECCHI, TP, 
COND, NO23, 
CHLA, AVSUN, 
WATEMP, PRECIP, 
WINDSP 

~1 0.8 -12 

POTMH  M = 8         
(N = 10) 

SAV_P, TSS, TP, 
COND, NO23, 
AVSUN, PRECIP, 
WINDSP 

~1 0.1 -44 

 
 

 


	0.77
	Adjusted
	R2
	RMSE
	AIC


